The proline iminopeptidase (PeplP) of Lactobacillus delbrueckii subsp. bulgaricus is a major peptidase located in the cell envelope. I t s structural gene (peplP) has been cloned into pUC18 and expressed a t a very high level in
INTRODUCTION
Lactic acid bacteria are widely used in industrial milk fermentations. They possess a complex proteolytic system essential for rapid growth in protein-rich media. Proteinases and peptidases are necessary to supply bacterial cells with small peptides and essential amino acids from milk caseins, which are proline-rich proteins ; these enzymes have been extensively studied in lactococci (for reviews see Kok, 1990; Smid e t al., 1991) . We have shown that Lactobacilltls delbrtleckii subsp. btllgarictls (called L. btllgaricm throughout this paper) initiates the hydrolysis of milk caseins by means of a cell-wall proteinase ( M , 170000) which we have purified (Laloi e t al., 1991) . The released oligopeptides are cleaved by both general and specific Abbreviations : AP, arni nopeptidase; H MSH, 2-hydroxyrnucon ic sernialdehyde hydrolase; HPDH, 2-hydroxy-6-oxo-phenylhexa-2,4-dienoic acid hydrolase; PeplP, proline irninopeptidase; Pro-PA, prolyl-P-naphthylamide; TPES, atropinesterase; X-Pro-DPAP, X-prolyl-dipeptidyl arninope p t id ase .
The GenBank accession number for the nucleotide sequence reported in this paper is L10712.
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On: Wed, 09 Jan 2019 20:14:04 D. ATLAN a n d OTHERS 1969), but the enzymic plate assay developed did riot allow us to detect any PepIP activity in L. bakarzcas CNRZ 397 colonies by using Pro-BNA as the substrate (Atlan et al., 1989) . However, new quantitative measurements performed with total cellular extracts and using prolyl-p-nitroanilide (pro-pNA) as the substrate indicated that a significant PepIP activity was present in L. bakaricas and L. beheticas strains.
In this paper, we report the cellular location of the PepIP from L. bakaricas and the cloning of its chromosomal structural gene (pepIP) ; its nucleotide sequence was determined and analysed, and the pepIP gene product
identified. An extensive search for protein homology indicated similarities with other hydrolases.
METHODS
Bacterial strains, plasmids and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli was grown at 37 "C in L broth (Miller, 1972) , L. bdgaricus at 40 "C in MRS broth (de Man e t al., 1960) and L. lactis subsp. lactis at 30 "C in M17 broth supplemented with 0.5 % glucose (Terzaghi & Sandine, 1975) . Ampicillin (Amp, 100 pg ml-l) or erythromycin (Em, 2.5 pg ml-l) was added to the medium to select transformants. When E. coli strains transformed by pUC18 or its derivatives were used, isopropyl /I-D-thiogalactopyranoside (IPTG) (25 pM) was added to the media; when using such strains, solid agar medium was supplemented with 5-bromo-4-chloro-3-indolyl p-D-galactopyranoside (X-gal) (0.1 mM) to visualize B-galactosidase activity (Miller, 1972) .
Growth was estimated by measuring the increase in OD,,, with a spectrophotometer (SP320 Jouan, St Nazaire, France). One unit of OD,,, corresponds to 250 pg and 500 pg bacterial dry weight ml-' for L. bdgarictrs and E. coli, respectively.
Enzyme assays. AP I1 activity was assayed at 40 "C with lysylp-nitroanilide, as described previously (Atlan e t al., 1989) . pGalactosidase activity was determined by a standard method using o-nitrophenyl 8-D-galactopyranoside as the substrate (Miller, 1972) . To assay PepIP activity, 3.5 mM Pro-pNA was used at 37 "C in the same conditions as those described for the AP I1 assay.
PepIP activity was also detected in E. coli colonies grown on solid agar media using Pro-b-NA as indicated previously (Atlan et al., 1990) .
Preparation of extracts. (i) Total cellular extracts.
Cells grown in 50 ml broth were harvested by Centrifugation (lOOOOg, 10 min, 6 "C), washed with 5 ml 0.2 M Tris/HCl pH 7.0 and disrupted with a French pressure cell [20000 p.s.i. (1 38 MPa) at 6 O C ; Aminco]. Unbroken cells and cell debris were removed by centrifugation (25 000 g, 20 min, 6 "C).
(ii) Subcellular fractionation. Proteins were extracted from the bacterial cell wall by a two-step procedure previously described (Atlan e t al., 1989) . Supernatants from whole cells treated with lysozyme (0.5 or 1.0 mg ml-l) were named lysozyme fluids. Osmotic fluids corresponded to the supernatants recovered from lysozyme-treated cells submitted to an osmotic shock under controlled cellular lysis. Finally, cells were resuspended in water and broken with a French pressure cell; unbroken cells were removed by centrifugation and the supernatants containing cytoplasmic and membrane components were named cytoplasmic fluids.
Minicells and labelling of proteins. Minicells were prepared by the method of Rodriguez & Tait (1983) as modified by Lazzaroni et al. (1989) . Minicell proteins were labelled with [35S]methionine (5.55 x lo5 Bq) for 30 min, washed and then resuspended in water. Protein equivalent to lo5 c.p.m. was diluted in the appropriate buffer and loaded on an SDSpolyacrylamide gel (7-15 YO gradient) and separated by electrophoresis according to Laemmli (1970) . Autoradiograms were developed after 16 h at -75 "C. The following [14C]methylated proteins (Amersham) were used as M , markers: myosin (200000), phosphorylase b (97 000), bovine serum albumin (69 000), ovalbumin (46 000), carbonic anhydrase (30000) and lysozyme (1 4 300).
Transformation and DNA techniques. E. coli cells were treated with calcium chloride and transformed with plasmid DNA during a brief heat shock (42 "C) as described by Sambrook et al. (1989) . DNA was transferred into L. lactis subsp. lactis by an electroporation procedure described by Langella & Chopin (1989) using a Gene Pulser and a Pulse Controller apparatus (Biorad). The bacterial suspension and plasmid DNA solution were mixed and immediately transferred into a sterile cuvette with an inter-electrode length of 0.2 cm (BioRad). Optimal electric conditions for MQ422 transformation were 25 pF and 1.7 kV (i.e. 8.5 kV cm-') with resistance set at 200 R, giving a pulse length of about 4 ms.
DNA extraction, digestion with restriction enzymes, alkaline phosphatase treatment, ligation and agarose gel electrophoresis were standard procedures described by Sambrook et al. (1989) . After electrophoresis, DNA fragments were purified from agarose with the Geneclean kit (Bio 101).
L. bulgariczls chromosomal DNA was prepared as follows. Exponential-phase cells (400 ml culture) were harvested and resuspended in TEN buffer (10 mM Tris/HCl pH 7.6, 1 mM EDTA, 10 mM NaC1) and treated with mutanolysin (10 pg ml-l) and lysozyme (2 mg ml-l) for 2 h at 37 "C. SDS (0.5 YO) was added to lyse the cells and proteins were digested overnight at 37 "C with proteinase K (0.2 mg ml-l) using gentle swirling. Deproteinization was carried out with multiple phenol and chloroform extractions. The DNA was finally precipitated with ethanol, dried and dissolved in 10 mM Tris/HCl pH 8-0, 1 mM EDTA.
For Southern analysis, chromosomal DNA fragments were separated by agarose gel electrophoresis after EcoRI digestion, and transferred to nitrocellulose filters (Hybond-C extra, Amersham). Labelling of the DNA probe (0.55 kb HindIII-Hind111 fragment) with digoxigenin, hybridization to digested chromosomal DNA under homologous conditions and immunological detection were performed with DIG DNA Labeling and Detection Kit (Boehringer Mannheim) according to the manufacturer's instructions. DNA sequencing. pDA3 derivatives were obtained by subcloning parts of a 1.8 kb PstI-PstI fragment into pUC18 (see Fig. 1 ). New plasmids containing overlapping inserts were purified on Quiagen columns (Chatsworth) and then sequenced by the dideoxy chain-termination method (Sanger et al., 1977) using the T7 and DeazaT7 Sequencing Kits (Pharmacia) and universal and reverse primers. *Enzyme activity is expressed in units per mg bacterial dry weight, and represents the mean value from three independent experiments. tTotal activity is the sum of the activities measured in the three fluids and corresponds to 100 %. Peptidase and /I-galactosidase total activities are identical to the activities measured in total cellular extracts.
was performed with the FASTA program (Lipman & Pearson, 1988) . Multiple sequence alignment was obtained with the CLUSTAL program (Higgins & Sharp, 1988) .
RESULTS

Synthesis and cell location of PeplP in L. bulgaricus CNRZ 397
No PepIP activity can be detected in L. bzlkarictls colonies using an enzymic plate assay (Atlan e t al., 1989) with Pro-PNA as the substrate. However, quantitative measurements (Table 2) showed that PepIP, like APII, was synthesized at significant levels by the cells.
To determine the cellular location of PepIP we used a two-step procedure allowing the differential release of many cell-wall proteins (including AP 11) from shocked cells of L. bzllgarictls previously treated with lysozyme (Atlan e t al., 1989) . The results given in Table 2 are consistent with PepIP being located in the cell envelope.
After lysozyme treatment (0.5 mg ml-l) and osmotic shock of lysozyme-treated bacteria, 53% of the PepIP activity and 29 % of the AP I1 activity were released. Under these conditions, cellular lysis, as estimated by the P-galactosidase cytoplasmic marker (Atlan e t al., 1989) was very limited. Use of a higher lysozyme concentration (1 mg ml-') increased the release of PepIP and AP I1 activities (73 and 48% of the total, respectively), but considerably decreased cellular stability. Similar results were obtained with L. helveticzls (data not shown). No PepIP activity was released into the culture medium during growth of L. btllgariczcs (data not shown).
D. A T L A N a n d O T H E R S
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Identification and cloning in E. coli K12 of the gene coding for the L. bulgaricus PeplP
Qualitative enzymic plate assays using Pro-/3NA as the substrate showed that colonies of E. coli strain 1617 did not exhibit any PepIP activity, and quantitative assays of PepIP activity performed on total cellular extracts of E coli with Pro-pNA as the substrate showed that tht endogenous PepIP level was very low. These results allowed us to use E. coli as a host for cloning the structural gene of L. bulgaricw PepIP. A genomic bank was constructed by inserting PstI fragments of L. bztlgariczls chromosomal DNA into the pUC18 vector opened with the same restriction enzyme. This ligation mixture was used to transform E. coli strain 1617. Among 1200 AmpR transformants screened for PepIP activity, three clones displayed a very high response. A restriction analysis of the pUCl8 recombinant derivatives showed that the three positive transformants harboured the same 4.5 kb hybrid plasmid (named pDA3) carrying a unique 1.8 kb insert (Fig. 1) .
Subcloning experiments with the 1.8 kb PstI fragment were carried out in the pUC18 vector with several restriction endonucleases ; these led to the construction of a set of new hybrid plasmids (Fig. 1) 
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DNA sequence analysis
Different parts of the 1.8 kb PstI fragment from L. bulgarictls were subcloned in pUC18 as described in Fig. 1 and sequenced. Analysis of the nucleotide sequence ( Fig.  2) Upstream from the first A T G codon, -35 (TAGACC) and -10 (TATATT) boxes are highly homologous to the E. coli consensus sequences (TTGACA and TATATT, respectively) and are separated by 16 nucleotides. The AAAGTAGG sequence located 7 nucleotides upstream from the third ATG codon is highly homologous to the consensus sequence of the ribosome-binding site (RBS) (AAAGGAGG). The N-terminal amino acid sequence of the PepIP purified from a periplasmic extract of E. coli transformed by pDA3 was determined (Gilbert et al., 1994) and the first 11 residues were found to be identical to those deduced from the third ATG of ORF1. Taken together, these results suggest that the A T G at position 671 is the most likely start codon of the protein translation ; the structural gene would encode a protein of M , 33 006, and was denoted gene pepIP. Downstream from the TAG stop codon of thepepIP gene (position 1556), there were no palindromic sequences suggestive of a terminator structure.
Amino acid sequence analysis
Hydropathy analysis of the amino acid sequence deduced from the nucleotide sequence ofpepIP revealed that PepIP is mainly hydrophilic, except for two regions in the middle of the protein which are markedly hydrophobic (Fig. 3) . It is also interesting that the C-terminal part of the protein is indispensable for enzyme activity (construct pDA34, Fig. 1 ). (Horn e t al., 1991) and Pseudomonas CF6OO (Nordlund & Shingler, 1990) , which is involved in the degradation of the dihydric phenol catechols resulting from catabolism of aromatic compounds ; (iii) atropinesterase (TPES) from Psetldomonas putida, a serine hydrolase catalysing the ester hydrolysis of atropine (Hessing, 1983) ; and (iv) liver microsomal xenobiotic epoxide hydrolases from human (Skoda e t al., 1988) and rat (Falany e t al., 1987) , which inactivate metabolites of polycyclic aromatic hydrocarbons generated by the cytochrome P50 system. Fig. 4 shows a multiple alignment of their respective amino acid sequences. A similarity of 34% was found between the PepIPs. Although the overall homology with other hydrolases was not very strong, three stretches with high amino acid similarity could be distinguished. Identification of the p e p gene product pDA3 and pDA33 were used to transform E. coli strain GC26 (minB) and minicells were prepared from the transformants. Proteins encoded by both plasmids were labelled with [35S]methionine and revealed by autoradiography after separation by SDS-PAGE (Fig. 5) .
Plasmids pDA3 and pDA33 produced a protein of M , 34000 (Fig. 5 , lanes B and C, respectively) which might correspond to the pepIP gene product; there was good agreement with the expected M,. The proteins of M , 29000 and 32000 corresponded respectively to the periplasmic P-lactamase (Bla) and its precursor (pro-Bla) encoded by the pUCl8 bla gene (Fig. 5, lane D) . These latter proteins were only weakly detectable in the pDA3 transformant, which agrees with the five-fold lower plactamase activity detected (Gilbert e t al., 1994) . Two other polypeptides, of M , 22000 and 24000, were also detected in the presence of pDA3 (Fig. 5, lane B) .
Overexpression of the p e p gene in E. coli pDA3 and pDA43 were transferred into E. coli strain 1292, which is able to express P-galactosidase and aminopeptidase N (Pep N) activities. The PepIP level of strain 1292 transformed with pUC18 was very low (Table 3 ). The presence of pDA3 or pDA43 in strain 1292
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* * Fig. 4 . Multiple alignment of the amino acid sequences of the L. bulgaricus PeplP protein (l), B. coagulans PeplP (2), P. putida HPDH (3), P. putida HMSH (4), Pseudomonas CF600 HMSH (5), P. putida TPES (6), human liver epoxide hydrolase (7) and rat liver epoxide hydrolase (8). The amino acid residues of each hydrolase sequence are numbered on the right-hand side. The three most conserved regions are boxed. Residues identical in a t least six sequences are marked with an asterisk. Strong homologies between the two PeplPs are indicated by horizontal lines above the L. bulgaricus sequence. The C denotes the serine residue corresponding to the catalytic site.
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induced 10 600-and 60000-fold increases of PepIP activity, respectively, whereas the /?-galactosidase and PepN activities were not affected by the presence of plasmids. We have shown that the L. bulgariczls PepIP seems to be located in the cell envelope and displays an apparent M , of 34000, in agreement with the M , of the protein deduced from the structural gene. The N-terminal amino acid sequence of PepIP purified from the E. coli periplasm has been determined (Gilbert etal., 1994) and agrees well with the deduced sequence from position 671 onwards, which might correspond to the translation start of the pepIP gene.
PepIP specifically recognizes peptide N-terminal proline, the only amino acid with an a-N included in a ring. Therefore, it is perhaps not surprising that some stretches of the PepIP amino acid sequence share strong homology with hydrolases implicated in the degradation of cyclic compounds : HPDH, HMSH and TPES from Pseudomanas species, involved in the degradation of biphenyl, aromatic compounds and atropine hydrolysis, respectively, and epoxide hydrolases from human and rat livers acting on polycyclic hydrocarbons. A survey of protein databases revealed that the PepIP did not share any significant homology with other known prolyl oligopeptidases (a new family of serine-type peptidases) (Rawlings et al., 1991) , except for their active site region, Gly-X-Ser-X-Gly-Glj, : protease I1 from E. coli (Kanatani e t al., 1991) , prolyl oligopeptidase from porcine brain (Rennex et al., 1991) , acylaminoacyl peptidase from rat liver, and dipeptidyl aminopeptidases from rat liver and yeast (Rawlings e t al. , 1991) . These data strongly suggest that the PepIP enzyme belongs to the prolyl oligopeptidase family, and, secondlj , that the hydrolysis of cyclic compounds and peptide bonds involving proline might require a specific spatial arrangement of the region surrounding the enzymt: catalytic site. Moreover, it is interesting to note that although significant homology does exist between thc: PepIP from L. bdgariczis and the PepIP from Bacilln: coagzilans, the latter belongs to a different family o{ peptidases: this enzyme is not described as a serineprotease and does not exhibit the consensus sequence involved in the catalytic site of the prolyl oligopeptidases.
In a recent study, it has been shown that in L. lactis subsp. lactis proline-containing peptides are not taken up by the oligopeptide transport system with a narrow substrate specificity, but via the di-and tripeptide transport system (Smid 8i Konings, 1990) . Therefore, proline-containing peptides resulting from casein degradation by a cellsurface proteinase have to be shortened before crossing the cell membrane because L. bdgaricns requires proline for its growth (Atlan et al., 1989) . In L. bulgaricgs and L. helvetiens (data not shown), PepIP is located in the cell envelope and could initiate another catabolic pathway for such peptides ; its action combined with that of other cellwall peptidase (AP 11) would give rise to peptides short enough to be transferred ; free proline would enter the cell by passive diffusion (Smid & Konings, 1990 ).
